This paper presents a three-dimensional mathematical field model describing aircraft cabin fires. The computer code uses the body-fitted coordinate formulation which is used to model accurately the interior of the aircraft.
I NTRODUCT ION
Aircraft. accident.s are often accompanied by fire.
The large quanti ties of flammable fuel carried by modern aircraft (214000 and 1050001 for the 8-747 and L-I0ll, respectively) and the cabin design, which consists of a densely populated enclosure lined and furnished with organic (largely synt.hetic) materials (4200 kg of such material is carried on a B-747) makes the possibilit.y of fire a major concern.
Life threatening aircraft cabin fires belong to one of two groups, the so-called post-crash fire and the in-flight fire.
In this paper we are primarily concerned with the in-night fire scenario.
In-flight fires mostly occur in accessible areas such as a galley or toilet.
In the 20 years from 1964 to 1984 approxi mate I y 300 cases of in-fl ight fires have been reported, of these some 52 have proved fatal [IJ.
To uncover detai I s concerning the fire-dynamics involved and the hazards responsible for preventing escape by passengers and ultimately their death, it is necessary to perform simulations of possible fire scenar ios.
The simulation may be either numerical. i. e. computer-based mathematical models or experimental fire tests.
Mathematical modelling offers a cheaper and more general alternative to the experimental approach, provided that the models can be reliably validated. Both zone and field models have been implemented in describing aircraft cabin fires [1] .
The zone modell ing approach represents state-of-the-art technology currently in use; DACFIR [2] , being the most sophisticated of the zone modelling packages available for aircraft fires.
The field modelling formulation, while still in its infancy, is emerging as the 'new technology' for modelling of enclosure fires.
It is already becoming a more widely accepted tool within the building fire community [3] [4] [5] .
Previous attempts at modelling aircraft cabin fires using the field modelling approach have been confined to two-dimensional studies [6J.
More recently Satoh et al [7J have performed a three--dimensional simulation of an aircraft cabin fire; however, this study lacked an accurate description of the aircraft cabin geometry.
In the following sections a mathematical field model describing the in-flight fire scenario is presented and discussed.
The model, still under development, attempts to simulate turbulent buoyant fluid flow and heat transfer within a realistically shaped aircraft cabin.
In an attempt to validate the numerical model, calculated results are compared with a set of experimental data from cabin fire tests conducted at the Johnson Space Centre [8] .
These tests consisted of a series of 25 experiments conducted ina B-737 fuselage.
Test 6 was chosen as the most appropriate for comparison purposes.
In this test the cabin length was 17·1m (104m 3 1 with a cabin width at the floor of 3·3m and a maximum cabin height of 2·1m. The fire source was a fuel pan of dimensions 0'61m x 0'61m centrally located on the floor.
It contained 4· 59 of Jet A-I fuel.
Over the first 6 minutes of the burn this corresponded to a constant heat release rate of 239kw.
During the last 4 minutes the heat release rate had dropped to a constant 50·7kw. In test 6, the fore and aft bulkhead doors (dimensions 1· 5m x O' 9m) were left open allowing for natural ventilation. The ambient temperature was 29"C.
This cabin geometry was modelled accurately in three-dimensions using curvilinear BFC (Body Fitted Co-ordinate) grids.
Three sets of resul ts are presented and discussed. The first group consists of a series of steady-state grid refinement/validation results simulating the near equilibrium conditions which develop after ten minutes of the burn. The fire is simulated by a volumetric heat source of 50· 7l<w.
The second group consists of a series of time-dependent simulations cove r i ng the first four minutes of the burn.
The fire is simulated by a 239kw volumetric heat source. The final group represents a fire situation similar to that in the first group with the addftional feature of the cabin environmental control system included. The environmental control system consists of uniform venting at the ceiling and floor.
The ceiling vents are situated at the top of the ceiling while the floor vents are located in the left and r i gh t corners where the side panels meet the floor.
In addition to examining the case of uniform venting the effectiveness of an air curtain in containing the fire is examined.
THE MATHEMATICAL PROBLEM
The starting point of the analysis is the set of three-dimensional, partial differential equations that govern the phenomena of interest here.
This set consists, in general, of the following equations: the continuity equation; the three momentum equations that govern the conservation of momentum per unit mass in each of the three space directions (the Navier-Stokes equations); the equations for conservation of ener-gy and species concentrations;
and, the equations for a turbulence model (in this case the two-equation k-e model).
The formulation of the differential equations describing the model will not be presented here as they may be found elsewhere [see 3,4,5,9].
The above-mentioned equations are transformed into general curvilinear coordinates, to allow for convenient and accurate treatment of irregul ar ly shaped flow domai ns ,
The approach used here employs covariant physical velocity components in the form it appears in the general-purpose soft.ware package PHOENICS [10].
The Grid and its Generation
The BFC grid used can be considered as a distorted version of the usual orthogonal grid, in which grid lines and control cells are stretched, bent and twisted in an arbitrary manner, subject to t.he cells retaining their topologically Cartesian character. This means that grid cel Is always have six sides and eight corners in the three-dimensional case.
The scalar variables solved by the BFC PHOENICS option are exactly the same as for the regular PHOENICS (see [9] ).
For details concerning grid generation and formulation of the conservation equations in BFC mode see Hedberg et al [11] .
RESULTS AND DISCUSSION
All numerical calculations were performed on the Thames Polytechnic NORSK 570 computers.
Experience has shown that these calculations involve large quant.ities of comput.er t.ime. A solution domain comprising of 4200 cells (iOxIOx42) requires approximately 13 hours of cpu while a mesh of 20,328 (22x22x42) cells requires in excess of 64 hours of cpu. The number of sweeps required to achieve convergence varies from 5500 to about 6500. The first set of results relate to the grid refinement/validation series. The fire consisted of a 50·7kw heat source set in the centre of an empty B-737 fuselage.
The results were not found to be particularly sensitive to the number of cells in the z-direction (along the length of the cabin).
It was found that 34 (interior) cells were adequate. The resul ts were however strongly dependent on the mesh in the x-y plane (i.e. the cylindrical cross sections).
The meshes considered were 10x10x42; 16x16x42 and 22x22x42.
In order to find physically realistic results in the vicinity of the open doors it was necessary to extend the solution domain to regions outside the fire compartment.
Four cells were used for this purpose at either end. It should be noted that due to experimental measurements and also the details no effort was made to ach i eve experimental and numerical results.
various uncertainties in the lack of certain experimental perfect agreement between the It is clear from these results that there is good agreement between experimental data and numer ical results (22x22x42 mesh).
The coarse grids (comprising of about 4200 cells), while not being able to predict accurately experimental temperatures, do follow the broad trends found in the experimental curves.
These coarse grids are useful i f qua l i tati ve rather than quanti t a t i ve results are desired.
With a sol ut ion domain comprising of 20,328 (22x22x42) cells we are at the practical limit of the computer resources available at Thames Polytechnic. Clearly, in order to demonstrate grid independence solution domains in excess of 40,000 (31x31x42) cells must be implemented. Considerably more effort must also be invested in the validation of the code. The atmosphere is clearly stratified into horizontal layers parallel to the floor. This is in agreement with experimental observations [12] .
The air near the floor is heated to 42'C while air in the vicinity of the ceiling is heated to 88'C. Figure 3(b) shows the velocity field in a cylindrical section through the fire plume. Entrainment of air int.o t.he plume and impingement of the plume at the ce Ll Ing and the resulting re-circulation region can be seen.
Temperatures within the plume are predicted to exceed 420'C.
A thermocouple station was located 0'3m above the fuel pan. Temperatures of 300'C were recorded there. This compares wit.h 319'C predict.ed by the model.
The next group of results concern the transient calculations.
The cal cu l ations attempt to mode1 the fj rst four m.l nutes of the burn. The fire cons Is ted of a 239kw vol umetr.i.c heat source.
The grids used cons Lst ed of 4200 cells (10x10x42) and 10,752 cells (16x16x42).
The preceding steady-state grid refinement series suggests that these meshes wjll not produce quantitatjvely correct results; however .It does demonstrate the ability of the code to model the broad experimental trends. The figure depicts temperatures along the length of the 8-737 fuselage 4 minutes after the fire was ignited. As was observed in the steady-state case, the broad trends found in the experimental curve are followed by the numerical curves. The finer mesh while still overestimating the experimental temperatures displays a marked improvement in predicting the maximum temperature at this height. It is expected that, as in the steady-stage case, the overall accuracy of the numerical results will increase as the grid is further refined.
The final group of results concer-ns steady-state numerical models which predict the effect of the cabin environmental control system on the heat flow in the 8-737 fuselage.
No experimental results are available for compari son.
The solution grid used to produce these results consists of 4200 cells (10x10x42) and the fire strength was 50·7kw.
As has been noted above, the mesh used here while not being able to produce quantitative results is expected to be qualitatively correct.
The vents extend along the enti re length of the cab i n , the venting rate being 0 . llm/s . This rate corresponds to one complete air change every three minutes.
Three venting scenarios were investigated.
In the first case, case A, fresh air is injected from the ceiling vents while hot air is sucked out from the floor vents. Case A is intended to simulate the operation of the environmental control systems found in most commercial aircraft. In the second case, case ft, this flow is reversed. The third case, case C, concerned the use of air curtains.
Figures 5 (a) and 5 (b) show temperatures along the length of the fuselage at 0'5m ( figure 5(a) ) and 1·5m (figure 5(b» above the floor for the three venting configurations and for the case wi th no venti ng.
High up in the cabin all three venting configurations lead to a marked reduction in temperature along the entire length of the fuselage, venting case 8 resulting in the largest reduction. At the 0'5m height we find that venting case B leads to the greatest reduction in temperatures while in venting case A temperatures increase slightly. As can be seen venting at this rate does not greatly disturb the overall appearance of the cabin atmosphere.
The atmosphere is still stratified into more or less horizontal layers in which the temperature increases from the floor to the ceiling.
However, in venting case A we find that the jet of cold air into the hot atmosphere does destroy the simple horizontal stratification near the ceiling ( figure 6(b) ).
Two large cells of circulating air develop in the upper regions of the cabin extending along most of its length.
These cells act to effectively mix the hot air and any fire products such as smoke and toxic gases.
It is apparent from these results that floor suction (i. e. case A) tends to increase the temperature near the floor. The expulsion of gases from the floor vents attempts to reverse the natural tendency of hot air to rise.
It is recognised that in view of the fact that the model has not been completely validated by experiment, and due to the course nature of the grids used here, these results should be viewed with some degree of reservation.
However, the usefulness of reverse venting in reducing temperatures and smoke concentrations near the floor in similar fire scenarios has been observed in full scale experimental room fires [13] .
The final venting configuration investigated consisted of two air curtains placed either end of the heat source (case C). The air curtain was constructed by ceiling and floor vents as in case A and B, however unl ike the previous investigations the vents were placed in only two positions.
The venting rate was 4 mls which results in one complete Higher up in the cabin at 1·5m a similar situation occurs, however the temperatures near the ends of the cabin exceed those found in case A. As in the other cases the buoyant plume over the heat source is not washed out by the curtains.
CONCLUSIONS
The field modelling approach to predicting the behaviour of non-spreading fires in aircraft cabins has proved reasonably successful in simulating experimental fire tests.
Meshes consisting of in excess of 20,000 cells are required if quantitative results are desired, however, as little as 4,200 cells will produce qualitative results. The use of BFCs have enabled realistically shaped aircraft fuselages to be modelled for the first time.
The action of the aircraft's ventilation system was observed to have a major effect on the temperature distribution within the burning fuselage.
With the system blowing cold air from the ceiling vents and sucking hot air from the floor vents. as is found in most commercial passenger aircraft. temperatures near the floor are observed to increase.
In the reverse flow situation temperatures decrease in the vicinity of the floor.
Air curtains also prove successful in lowering the temperature near the floor.
The use of these venting strategies could lead to control of the rate of spread of fire wi thin the cabin. Such control is particularly pertinent to the in-flight fire scenario.
Current research is directed towards extending the model to include: cabin fittings such as seats. overhead stowage bins. ceiling panels etc; a combustion model and a radiation model.
